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Available online 13 April 2015Ferromagnetic pebbles are investigated as high heat ﬂux (q∥) plasma facing components in fusion devices with
short power decay length (λq) on a conceptual level. The ability of a pebble concept to copewith high heat ﬂuxes
is retained and extended by the acceleration of ferromagnetic pebbles in magnetic ﬁelds. An alloying concept
suited for fusion application is outlined and the compatibility of ferromagnetic pebbles with plasma operation
is discussed.
Steel grade 1.4510 is chosen as a well characterized candidate material to perform an analysis of the heating
process. Scaling relationships as a function of q∥ for maximum and optimal pebble diameter, allowed exposure
time, and removal time safety margin are obtained numerically for spherical pebble geometry. The acceleration
of ferromagnetic pebbles in a tokamak resulting frommagnetic gradients is studied and operation parameters for
an ITER-based reactor are outlined. Counter-intuitively, it is found that ferromagnetic pebbles perform better for
narrow λq proﬁles,making them an attractive heat exhaust concept for next step devices and thus an option to be
investigated in detail.
The key results of this study are that very high heat ﬂuxes are accessible in the operation space of ferromagnetic
pebbles, that ferromagnetic pebbles are compatible with tokamak operation and current divertor designs, that
the heat removal capability of ferromagnetic pebbles increases as λq decreases and, ﬁnally, that for fusion rele-
vant values of q∥ pebble diameters below 100 μm are required.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Power and particle exhaust are crucial for the viability of any future
fusion power plant concept. Heat in fusion reactors must be extracted
through a wall and cannot be exhausted volumetrically, which limits
the allowed power density in fusion reactors [1] and is a severe techni-
cal challenge in itself [2]. In addition, structural material changes
resulting from neutron irradiation cause degradation in the heat
exhaust capabilities of existing designs [3] and static surfaces can suffer
severely from erosion due to impinging plasma particles [4,5]. It is
concluded that conventional concepts and materials for plasma facing
components (PFCs) reach their limits in terms of material lifetime and
power exhaust at approximately 20 MW/m2, which is presumably
dramatically reduced to b10 MW/m2 due to neutron damage in a D-T
reactor [6] or even only half that value [7].
Power exhaust and material lifetime have been identiﬁed as a key
challenge for next step devices [8]. Recent multi-machine studies show
that the power decay length λq for attached type-I ELMy H-modes doesmbH, Institut für Energie- und
52425 Jülich, Germany.
. This is an open access article undernot scale with the major radius in tokamaks [9]. This can severely strain
existing concepts. For ITER, where λq≈ 1 mm is predicted from multi-
machine scaling, heat ﬂuxes q∥ ~ 200 MW/m2 for attached plasma opera-
tion must be considered. So far, the impinging heat ﬂux onto the PFCs is
reduced by magnetic ﬂux expansion, partial conversion of parallel heat
ﬂux to isotropic radiation and target inclinations at shallowangle. Howev-
er, for a fusion power plant, even higher heat ﬂuxes are to be expected if
full detachment is not always achieved. Especially for conventional, ac-
tively cooled PFCs, the risk of failure (e.g. loss-of-coolant accidents) dra-
matically increases with incident heat ﬂux and operation duration. For
DEMO this is an even more critical issue. Hence, there is a strong motiva-
tion to consider alternative heat exhaust concepts for reactor type devices.
Various alternative target concepts have been proposed. Prominent
examples are liquid targets [10], moving belt concepts [11,12] or tung-
sten dust [13]. A prominent class of concepts relies on utilizing a stream
of cascading pebbles [14–17]. Following [17], the key idea of a pebble
concept is that pebbles cascade due to gravity through the fusion reac-
tor, thereby providing a primary divertor target surface which inter-
cepts the divertor particle energy, leading to a temperature rise in the
pebbles. Once the pebbles are removed from the machine, the heat
can be extracted from the pebbles, e.g. by ﬂuidized bed heat exchangers.
Then the pebbles can be processed, moved by pneumatic conveyors andthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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have the advantage of separating the heating of the material from
the heat removal and allowing additional processing stages, like dust
extraction, to be carried out independently from plasma operation.
Also pebbles can be replaced during operation, therefore dramatically
easing the PFC life time requirements.
However, these features come at the cost of increased complexity
and the geometric optimization of shallow angle incidence of q∥ is lost.
The minimum achievable ﬁeld line inclination angle for conventional
PFCs is predicted to be above 2° due to reasons of tile alignment [7]. As-
suming an inclination of ≲ 3° pebble concepts must therefore be able to
withstand a heat ﬂux increased by a factor 20, e.g. q∥= 200 MW/m2 to
compete against an inclined component able to withstand 10 MW/m2.
With different pebble materials proposed, the use of coatings on
pebbles is foreseen to ﬁne-tune thematerial properties in direct contact
with the vessel and plasma and potentially even allow for particle ex-
haust [18].
In the work presented here, the use of ferromagnetic pebbles
for heat exhaust is investigated. In [15], the use of coated ferromagnetic
balls of 1 kg weight in a tokamak was investigated for heat removal. It
was found that as long as the temperature of the spheres stays below
the Curie temperature TCurie, the pebble trajectories can be controlled
into orbit-like trajectories by magnetic ﬁelds. Also, the idea of magnetic
conveyors for the balls is discussed. However, no analysis of the tran-
sient heating process of the individual pebble is performed and thus
no criterion for optimum pebble size as a function of q∥ is obtained.
Also, the requirement of the pebble temperature to stay below TCurie
leads to a high required mass ﬂow of the system and instability of the
system. In case of temperature excursion the pebble orbits are uncon-
trolled if ferromagnetism is lost for temperatures above TCurie, endan-
gering plasma operation in this concept.Fig. 1. Schematic setup for ferromagnetic pebbles in an ITER-like machine. The poloidal
cross section of the outer lower divertor is shown. Machine wall is shown as solid black
line, LCFS as dashed black line and pebble trajectory in blue. Pebbles are released on the
outward side and are accelerated inwards by themagnetic gradient force and downwards
by gravity. The resulting pebble trajectory of an unheated pebble is indicated in blue. After
passing the region of high heat ﬂux the pebbles are collected and recirculated.A schematic illustrating our proposed approach is shown in Fig. 1.
In our concept ferromagnetic pebbles are released in a distance Dreq
from the high heat ﬂux region. The gradients of magnetic conﬁnement
setups exhibit an accelerating force on the pebbles. Aswill be calculated
below the magnetic acceleration is ~20 times larger than gravity which
is used in non-ferromagnetic pebble concepts, allowing ferromagnetic
pebble systems to cope with higher heat ﬂuxes.
After the acceleration phase the pebbles have gained a required
velocity vreq to cross the high heat ﬂux region. In this region heating of
the pebble occurs and ferromagnetism is lost. Then the pebbles are col-
lected and removed from the machine for heat exchange, processing
and re-insertion to repeat the cycle.
As is shown by numerical solution of the equations of motion, this
setup has the advantage that there is no requirement for the pebble
temperature to stay below TCurie. By allowing elevated temperatures
the required circulated pebble mass is reduced. Also such a system has
a larger margin of error as the pebble trajectories are stable even in
case of temperature excursions.
As the general concepts for non-ferromagnetic pebble concepts
remain applicable the pebble concept advantages are retained. In addi-
tion, ferromagneticmaterials dramatically simplify handling of the peb-
ble cycle, as localized magnetic ﬁelds opposed to pneumatic conveyors
can be used and dust collection and handling of broken pebbles is also
dramatically eased.
To investigate our proposed concept we choose the following
criteria for the heating process of the pebble:
CI: No part of the pebble must exceed a material dependent maxi-
mum temperature Tmax. A time tmax is deﬁned as the time at
which the hottest part of the pebble subject to a heat ﬂux q∥
reaches Tmax.
CII: For an efﬁcient use of the pebble's mass for heat removal the
coldest part of the pebble must have been signiﬁcantly heated
before the pebble is extracted. For the following calculations
we chose the Curie temperature of the material, TCurie as the de-
sired temperature. The associated time at which the coldest part
of the pebble exceeds TCurie is tCurie.
CIII: The pebble should be exposed to the heat ﬂux for the time tCurie
for optimum use of the moved pebble mass for heat exhaust.
trem = tmax− tCurie is the safety margin for pebble removal and
should be maximized, with trem = 0 being the limiting case.
The outline of this paper is as follows: The required properties of
suited ferromagnetic materials for fusion application are discussed in
Section 2. A suitable material concept based on Fe and Cr is chosen
as a ﬁrst candidate material and the compatibility of ferromagnetic
pebbles with plasma operation is discussed. In Section 3 the transient
heating process by a given heat ﬂux q∥ is investigated. From the analysis
and the criteria set out in the introduction scaling relationships for peb-
ble size, heating and removal time as a function of the incident heat ﬂux
q∥ onto the pebble are found. In Section 4 the removalmechanismdue to
acceleration in an ITER-like machine is studied. The required “release
distance” to the region of impinging heat ﬂux is determined as a func-
tion of q∥ and λq. Pebble trajectories for a q∥= 500 MW/m2 system are
presented and the implications for fusion reactor use of a ferromagnetic
pebble system are discussed.
2. Pebble material considerations
For a heat exhaust concept a maximum operation temperature Tmax
as high as possible is desired while the Curie temperature TCurie should
be sufﬁciently low to allow for a large operation window Tmax− TCurie.
High thermal conductivity is required to prevent large temperature gra-
dients to arise within the pebble.
The use of pure iron is unfavorable due to the bad oxidation resis-
tance and poor mechanical properties. Moreover, the α−γ — phase
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a change in crystallographic structure, namely cubic body centered
to cubic face centered. This results in a sudden change of material prop-
erties and pebble volume at this temperature, which leads to internal
thermal stresses and thermal fatigue. By alloying pure iron with other
elements, the α−γ — phase transition has deﬁnitely to be avoided. At
the same time, transmutation of elements and material embrittlement
due to neutron damage has to be taken into account by choosing a suit-
ed alloying concept. Thus only a few elements can be considered as can-
didates for alloying iron, like Cr, Ti, Mn, V and C. Taking into account that
a feasiblematerial concept for application of ferritic steels in fusionwith
EUROFER 97 (based on iron, chromium and carbon) already exists [19],
a similar material concept is proposed in this paper. Two main changes
in comparison to the EUROFER 97 concept are required:
1. The carbon content has to be reduced since it leads to chromium
carbide formation and/or austenite formation.
2. The chromium content has to be increased, because the chromium
content of EUROFER 97 is not sufﬁcient in order to avoid the α−γ –
phase transition completely according to the iron – chromium
phase diagram [20, Fig. 100].
Thus we propose using an iron–chromium steel with a least 15%
chromium, a very low carbon content and no other alloying elements.
Such a steel grade standard with exactly this speciﬁcation does not yet
exist. Therefore, for ﬁnite element calculations, a similar steel grade
with well known temperature dependent thermal material properties
up to 1200 °C is used. The steel grade 1.4510 (according to DIN EN 10
088-2) with 16–18% chromium content is commercially available [21]
and its alloying concept is close to the above mentioned requirements.
The chemical composition in percent by weight according to [21] is
reported in Table 1.
Since the pebbles are not used as structural materials, it is consid-
ered to be possible to apply this or a similar ferritic steel grade above
the usually considered temperature limit of ∼700 °C for ferritic steels.
Temperature dependent ﬂow stress values of the steel grade 1.4510
up to 1200 °C are available in literature. The ﬂow stress value is approx-
imately 35MPa at 1200 °C [22]. The Curie temperature is TCurie≈ 700 °C
for a binary alloy with this chromium concentration [20].
Moreover, high chromium contents are also favorable in terms of
oxidation resistance. Further optimization of the sketched alloying
concept is needed. Vanadium, which is considered for fusion reactor
use [23] and titanium, avoid the α−γ — phase transition at lower
concentrations than chromium, leading to an increase in thermal con-
ductivity. Vanadium leads to an increase in Curie temperature, while
titanium leads to a decrease.
Additionally, the alloying concept has to be improvedwith respect to
suitable coatings and their application limits. For example, tungsten
coatings on the pebble material should be considered to beneﬁt from
the low sputtering yields of tungsten.
Furthermore, creep properties and the resulting plastic deformation
at high temperatures below yield strength have to be considered and
addressed experimentally for the applied external loading conditions
in a pebble concept. In case of too large creep deformation there
might be a necessity to replace the spheres from time to time during
operation. It remains to be investigated to which extend results from
ceramic pebble experiments [24,25] and modeling [26] can be applied
to steel pebbles. It should be mentioned here that even deformed or
destroyedpebbleswould still have the beneﬁt of being easily transported
by the magnetic force.Table 1
Chemical composition of steel grade 1.4510 in percent by weight from [21].
C Cr Ti Mn
Min. – 16.0 4 · (C + N) + 0.15 –
Max. 0.05 18.0 0.80 1.0Finally, results on the inﬂuence of neutron irradiation on ferromag-
netic properties for fusion conditions do not yet exist to our knowledge.
Experiments in ﬁssion reactors on ferrites did not show a signiﬁcant
inﬂuence of neutron damage on the Curie temperature [27]. Neverthe-
less, the inﬂuence of neutrons on ferromagnetic properties remains to
be investigated for fusion conditions.
For this work steel grade 1.4510 is chosen based on the consider-
ations outlined above. The material properties reported in [22] are
used and Tmax = 1200 °C and TCurie = 700 °C are assumed.
2.1. Compatibility of ferromagnetic pebbles with plasma operation
Tokamak discharges can be subject to lockedmode instabilities which
cause disruptions when the critical relative resonant error ﬁeld for
poloidal mode number, m≈ 2 and toroidal mode number n = 1, Br21/
BT, exceeds a machine-dependent value, e.g.≈1 × 10−3 for COMPASS-
C,≈2×10−4 for DIIID [28] and≈1×10−4 for JET [29]. Thus the compat-
ibility of ferromagnetic pebbles with plasma operation must be consid-
ered. To this goal the magnetic perturbation of the vacuum magnetic
ﬁeld due to a volume ﬁlled with ferromagnetic material in the medium-
size tokamak TEXTOR [30] has been numerically computed. The ﬁnite-el-
ement analysis software ANSYS [31]was used for the simulation. TEXTOR
was chosen as its Bmax = 3 T is smaller than the magnetic ﬁeld strength
found in reactor designs, but strong enough to provide magnetic satura-
tion of the inserted material, thereby allowing for an upper estimate of
the disturbance. The relative disturbance of the equilibrium ﬁeld caused
by the ferromagnetic insert is given by the ﬁeld ratio
δB
B
xð Þ ¼
Bequil xð Þ−Binsert xð Þ


Bequil xð Þ


;
with Bequil(x) being the TEXTOR equilibriummagnetic ﬁeld computed for
theﬂat-top phase of a standard operation scenariowithout ferromagnetic
insert and Binsert(x) the perturbedmagnetic ﬁeld due to the presence of a
ferromagnetic insert. A solid cube with an edge length a made from
EUROFER 97 is used. δB
.
B
xð Þ is an upper limit for the critical relative
error ﬁeld Br21 / BT. The threshold value of the relative ﬁeld disturbance
is taken as 1 × 10−4, similar to the threshold used in the description
given in [32].
It is found that the length scale of the perturbation is proportional to
the insert size a, not to its volume. The strongest inﬂuence of the insert is
observed in the toroidal direction. For the perturbation to be below the
threshold value a required distance to the insert of b10a is found to be
required. As will be shown below for a ferromagnetic pebble concept
the required vertical distance of the region in which ferromagnetic
pebbles are moved will be b10 cm, thus requiring a distance in vertical
direction to the last closedﬂux surface (LCFS) of less than 1m,which is a
feasible dimension for a fusion reactor.
3. Pebble transient heating analysis: optimal diameter and resulting
time scales for given q∥
The transient heating of pebbles must be investigated to determine
suited pebble diameters in accordance with criteria CI-CIII for a given
heat ﬂux λq. If the pebble is too large, strong temperature gradients
will arise and the surface temperature will approach Tmax before a sig-
niﬁcant part of the pebble's available heat capacity has been used for
heat extraction. In the following the maximum and optimum allowed
pebble diameter as a function of q∥ is determined and the scaling behav-
ior of the relevant timescales is obtained.
The general behavior of the system can be understood from an ana-
lytical treatment of transient heating [33]. Assuming a 1d semi-inﬁnite
slab geometry with the material extending from the origin to inﬁnity
in positive direction, temperature independent material properties
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for the temperature evolution of the systemwith a steady state heating
power qeff in MW/m2 is found.
From CI we obtain themaximum allowed exposure time to an effec-
tive heat ﬂux density onto the slab surface qeff by demanding that the
front of the material may not exceed the maximum allowed tempera-
ture Tmax. A scaling behavior
tmax qeffð Þ  q−2eff ð1Þ
is found with the allowed time a pebble may be exposed to the plasma
depending on the inverse square of the plasma heating power.
The scaling of the pebble size is determined by the heat penetration
depth at tmax. In this simplemodel 1max describes the depth atwhich the
material temperature exceeds TCurie at tmax. For this the scaling relation-
ship
lmax qeffð Þ  q−1eff ð2Þ
is obtained with the length scale proportional to the (linear) inverse of
the heat ﬂux qeff.
To investigate the transient pebble heating a numerical simulation of
the heating process is carried out. The Transient Thermal package of the
ﬁnite element software ANSYS 12.0 [31] is used to simulate a spherical
pebblemade of steel grade 1.4510. The temperature dependent physical
properties from [22] are used.
The accurate modeling of the incoming heat ﬂux is a non-obvious
question. For dimensions large with respect to the Larmor radius the
incident heat ﬂux by charged particles onto a PFC is following the
magnetic ﬁeld line. However, as argued in [16], for millimeter diameter
(and smaller) pebbles dissipative processes near the target material be-
come important: ﬁnite Larmor radius, neutralization of incident ions
and radiation from the plasma lead to dissipative processes resulting
in a homogenization of the incoming heat ﬂux. In [17] it is concluded
that additionally, the rotation of pebbles leads to a uniform distribution
of the heat ﬂux over the full surface area of the sphere. Following the
more conservative assumption from [16], we assume a uniform distri-
bution of the heat ﬂux on the plasma-facing hemisphere. As the
hemisphere's surface area is twice the sphere's cross section area the
pebble surface heat ﬂux density qeff is half of the incident heat ﬂux
along the magnetic ﬁeld line q∥. The pebble is assumed to be thermally
insulated. Most notably thermal radiation off the pebble's surface is
neglected as the maximum radiation emitted according to the Stefan–
Boltzmann law for a black body at 2000 K is b1 MW/m2. This is much
smaller than the incident heat ﬂuxes considered.
We assume theaccuracy of the following analysis to be predominant-
ly limited by the simplifying physical assumptions stated above and not
by the numerical errors of the applied methods, which are in excellent
agreement with test runs for which analytical solutions are available.
Therefore, no uncertainties are reported for the obtained results.
A typical simulation result is shown in Fig. 2. Here q∥= 50 MW/m2
and a pebble diameter d = 0.75 mm is chosen. For these parameters
three times are obtained from the simulation in accordance with CI
and CII. tmax denotes the time when the hottest part of the sphere
exceeds Tmax = 1200 °C. tCurie marks the time when the coldest part
of the pebble exceeds TCurie = 700 °C. This is also the optimum dwell
time for a pebble to be exposed to the heat ﬂux, as this indicates that
the pebble mass is efﬁciently used for heat removal. Finally, the safety
margin additionally available for removal of the pebble is deﬁned
as trem = tmax− tCurie. Only pebble diameters which yield trem N 0 can
be used for a given heat ﬂux. Otherwise, the pebble mass could not be
fully used for heat removal without melting of the hottest part of the
pebble. trem should bemaximized to allow for a safetymargin for pebble
operation.To determine which pebble diameter d is suited to remove a given
heat ﬂux q∥ and to determine how the time scales tmax, tCurie and thus
trem change as a function of heat ﬂux and pebble diameter, simulation
runs with different pebble diameters d are performed for q∥= 10, 100,
400 and 800MW/m2. For each diameter the time scales are determined.
An example for q∥ = 10 MW/m2 is shown in Fig. 3. For each value of
the pebble diameter d the time scales tmax, tCurie and trem are obtained.
The maximum allowed pebble diameter dmax (indicated in magenta)
is deﬁned in the limiting case when tmax = tCurie, leading to trem = 0 s.
As can be seen from the graph, trem has aweakmaximum. Thus there
is an optimumdiameter dopt(q∥) atwhich trem has its largest value. dopt is
indicated by the dashed blue line. It is at about half the value of dmax.
Repeating these simulations for the other values of q∥ allows us to
determine a scaling for the two diameters dmax and dopt, as well as the
relevant times tmax, tCurie and trem. As discussed for the analytical case
the diameter is expected to scale proportional to q∥−1 and the time scales
are expected to scale with q∥−2. In Fig. 4 the ﬁt results for the diameters
are shown. The results are
dmax mm½  ¼ 42:59 q−1∥ ð3Þ
1 Note, however, that in the overall power balance there is a relationship between the par-
allel heat ﬂux across the separatrix q∥sep and λq, namely q∥sep ~ psep / (R λq Bp / Bt) [7] so that
the reduction of λq imposes a higher value of q∥,sep. However, as also discussed in [7] extrap-
olation from q∥,sep to the resulting heat ﬂux on the PFCs is not possible at present.
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dopt mm½  ¼ 20:01 q−1∥ : ð4Þ
Likewise, the scaling for tmax, tCurie and trem is determined to be (with
q∥ in MW/m2)
t
dopt
max ms½  ¼ 58774 q−2∥ ð5Þ
t
dopt
Curie ms½  ¼ 40869 q
−2
∥ ð6Þ
t
dopt
rem ms½  ¼ 17905 q−2∥ : ð7Þ
The computed data is shown together with the obtained ﬁtting
results in Fig. 4.
4. Ferromagnetic pebbles in an tokamak fusion reactor
4.1. Steady state heat ﬂux removal capabilities
In a tokamak machine the heat ﬂux q∥ impinges onto the PFCs
intersecting the ﬁeld lines within the power decay length λq. From the
scaling relationships obtained in Section 3 the pebble parameters can
be determined for a given heat ﬂux q∥. The pebbles should be exposed
to the region in which the heat ﬂux is present until the coldest part of
the pebble reaches the Curie temperature. The ideal duration for expo-
sure is known by tdoptCurie(q∥) from the above scaling.We can now compute
a required pebble velocity vreq(q∥, λq) for the pebbles to cross the region
of the power decay length. For simplicity, we assume that the heat ﬂux
q∥ impinges uniformly over the whole distance λq in the poloidal plane
in the divertor region andwe limit our analysis to the outer divertor leg,
as the highest heatﬂuxes are observed here. The required velocity of thepebble to cross the distance inwhich the heatﬂux is presentwithin tdoptCurie
is given by
vreq ¼
λq
t
dopt
Curie q∥ð Þ
: ð8Þ
As thepebbles are ferromagnetic, vreq can be obtained from releasing
the pebbles at a release distanceDreq away from the heat ﬂux region. To
determine Dreq we must compute the pebble acceleration due to the
magnetic gradients inside a tokamak.
Acceleration of the pebbles can be provided by the magnetic gradi-
ent force onto the ferromagnetic pebble. The acceleration due to a
magnetic gradient in a toroidally symmetrically setup is given by
amag ¼
1
mpebble
∇ m  Bð Þ ¼ MS ∇rBrð Þe^r þ ∇zBzð Þe^z½ : ð9Þ
Herempebble denotes the pebble mass andMS the saturation magne-
tization per mass of the pebble material. For numerical values the prop-
erties reported for EUROFER 97 [19], MS = 180 A m2/kg, is used. As in
the case of acceleration by gravity (g= 9.81 m/s2) the magnetic accel-
eration is independent of pebble mass and only depends on the satura-
tion magnetization per mass of pebble materialMS.
For a tokamak conﬁguration the gradients in the z-direction are neg-
ligible compared to the radial direction. Thus the magnetic acceleration
of a pebble in radial direction is approximated by
amag ¼ Ms∇rBr : ð10Þ
In a tokamak the strength of themagnetic ﬁeld as a function ofmajor
radius can be described by Br(R) = B0R0/R and thus themagnetic gradi-
ent is given by∇rBr =− B0R0/R2, with the on-axis values R0 = 6.21 m
and B0 = 5.3 T for an ITER-like machine. From Eq. (10) the acceleration
of a pebble is calculated. The acceleration will be inward and is much
stronger than the acceleration due to gravity and increasing towards
the center. The range for ITER is amag(R = 7 m) = 12.3 g far outside
and increasing up to amag(R= 3.0 m) = 67 g further inwards. For the
following calculationswe use the acceleration amag≈ 18.6 g at the loca-
tion outside of the outer divertor, R= 5.7 m.
With the known acceleration the required release distance along the
major radius is given by
Dreq q∥;λq
 
¼ v
2
req
2amag
:
The solutions for Dreq in cm are presented as a function λq for differ-
ent values of q∥ in Fig. 5. Counter-intuitively, this result shows that the
ferromagnetic pebble heat removal capability increases for a given re-
lease distance as λq decreases.
To replace a static PFC which can withstand a surface heat ﬂux of
10 MW/m2, q∥ = 200 MW/m2 is required for our pebble system. The
pebble parameters dopt = 100 μm, t
dopt
max ¼ 1:46 ms, tdoptCurie ¼ 1:02 ms
and thus tdoptrem ¼ 0:44 ms follow from above scaling relationships. For
λq = 3 mm a required release distance of 2.36 cm is found. If a shorter
decay length λq = 1 mm is assumed a release distance of only 0.26 cm
is required.
We want to point out that this is fundamentally different from the
behavior of static PFCs which are cooled by thermal diffusion and there-
fore have an absolute limitation in allowable heat ﬂux, independent of
λq. This result shows that our concept performs better in case of short
power decay lengths and in particular very high values of q∥ are accessi-
ble for systems with λq approaching 1 mm.1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
λq [mm]
0.5
1
5
10
50
100
Dreq [cm]
100 MW/m2
200 MW/m2
400 MW/m2
800 MW/m21600 MW/m2
Fig. 5. Required pebble release distance Dreq as a function of power decay length λq at
pebble location for different q∥ values. If the pebbles are released at least Dreq from the
heat ﬂux region, removal within tdoptCurie q∥ð Þ is achieved. Note that the ferromagnetic pebble
concept performs best for short values of λq.
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PFC able to withstand a heat ﬂux of 25 MW/m2) the system param-
eters dopt = 40 μm, t
dopt
max ¼ 235 μs, tdoptCurie ¼ 163 μs, t
dopt
rem ¼ 72 μs and
Dreq(λq = 1 mm) = 10.3 cm are found.4.2. Pebble trajectories
To study the behavior of such a system and especially the effect of
loss of ferromagnetism when heated the pebble trajectories must be
computed. A simulation of the pebble trajectory for the aforementioned
q∥=500MW/m2 case is shown in Fig. 6. The pebble is injected at rest at
t0 at Rstart = 5.643 m, Zstart =−4.295 m. The pebble trajectory due to
gravity and the magnetic acceleration amag(R) described above is then
numerically computed using the Mathematica software [34]. Graph
a) shows a magniﬁcation of the area indicated by the magenta frame
in Fig. 1. The pebble position of the cold pebble at t0 is indicated by a
blue circle. The resulting trajectory for the cold pebble is shown in
gray. Additionally, every Δt = 3 ms the pebble location is indicated
by a blue circle. The acceleration inwards due to the magnetic force
and downwards due to gravity can be seen.5 cm
200 µm
t = 3
t = 1
b)
a)
Fig. 6.Numerical simulation of the pebble trajectories. Pebble position for each time stepΔt is sh
thehighheatﬂuxarea (black dashed line). Hot pebble trajectory indicated by red circles, cold pe
ﬂux region (light red area), λq = 1 mm. Instantaneous heating is assumed. Additionally, the tWe assume the heat ﬂux onto the pebble to be negligible
(≪500 MW/m2) outside the λq-region. As the pebble approaches the
high heat ﬂux region (indicated by the dashed black line) it is heated
as discussed in Section 3. The details of the heating process inside the
λq-region are involved and require e.g. a detailed knowledge of the
actual λq proﬁle. Therefore, two limiting cases are investigated: the
trajectory of an unheated pebble is shown in gray. The red circles
show the trajectory of a pebble which is instantaneously heated above
TCurie on entering the λq-region. The actual pebble trajectories will be
between these two cases.
As to be expected it can be seen from the spacing between the
respective circles in the graph that the absence of further magnetic
acceleration leads to a stronger downward-bend of the hot pebble tra-
jectory and a slower ﬁnal velocity.
In part b) a magniﬁcation of the λq-region (shown as a light red area)
is shown. λq = 1 mm is assumed. Notice the small aspect ratio of the
graph. The same color code and method as in a) was used. However,
now the pebble location is shown for the 300 times shorter time step
Δt=10 μs. In accordance with the computations of the previous section
the hot pebble crosses the λq region in 163 μs, corresponding to 16 circles
in the graph. On the length scale of 1 mm almost no difference between
the heated and the cold sphere can be observed on the relevant short dis-
tance. This illustrates that the inertia acquired by releasing the pebble at
Dreq is sufﬁcient to guide the pebble on the course with marginal scatter-
ing of the pebble arrival point at the collection system.
To investigate the system's stability against material deterioration
or statistical distribution of pebble magnetic properties, the case of a
pebble with decreased magnetic properties (assumptionMS,damaged =
0.99MS, pebble mass unchanged) is shown. The difference in trajectory
to the original pebble is not visible on the large scale of graph a). On the
scale of λq, shown in b), an advantage of the concept can be seen. Even
the slight deterioration of themagnetic property leads to the pebble tra-
jectory being recessedmore than onepebble diameter from the imping-
ing heat ﬂux. This is an additional safety mechanism: if a distribution of
pebbles with differentmagnetic properties is injected the ones with the
largest magnetic moment density to mass density ratio will obtain the
highest velocity in radial direction and face the harshest conditions,
while pebbles with deteriorated magnetic properties will be shielded
by pebbleswith bettermagneticmoment/mass density ratio. This stable
behavior provides a passive safetymechanism and is an advantage com-
pared to the vicious circle in tile alignment procedureswhere damage of80 µm
2 cm
 ms
0 µs
own. a) Injection of cold pebbles (blue), acceleration remotely from the plasma, heating in
bble trajectory by solid gray line and blue and gray circles. b)Magniﬁcation of thehighheat
rajectory of a slightly damaged cold pebble (MS,damaged = 0.99 ⋅MS) is shown in orange.
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damaged surface.
4.3. Required pebble mass circulation
In the following the required amount of pebblematerial is estimated.
When assumingD-T fuel, 1/5 of the thermal heat output Pth is released as
α— particles which lead to the heat load on the PFCs along themagnetic
ﬁeld lines: Pwall = 0.2Pth. Assuming that the pebble temperature at the
time of removal exceeds the Curie temperature TCurie≈ 700 °C of our
candidatematerial the pebblemassﬂow canbe estimated conservatively
by assuming that the pebble is heated from a starting temperature T0 to
TCurie uniformly. We arbitrarily assume T0 = 68 °C for the calculation,
leading to a temperature increase ΔT= 632 K. With a volumetric heat
capacity for 700 °C [22] the required mass ﬂow is then given by
ρ ¼ 517 PGWth kg=s: ð11Þ
Here P thGW is the total thermal fusion power in GW. For a P thGW = 3
reactor this leads to a required mass ﬂow rate of 1551 kg/s. This is
in the same range as found in cascading (non-ferromagnetic) pebble
concepts proposed earlier, e.g. 900 kg/s proposed in [17]. A detailed
investigation of the electrical power required to maintain the required
mass ﬂow rate needs to be performed in future work. However, a
crude scaling can be made based on existing technology, e.g. in mining
industry, where much larger steady state mass ﬂows are routinely
established, resulting for a Pth = 3 GW reactor in a required electrical
power of 9.2 MW.
Assuming a thermal conversion efﬁciency of 1/3 this is less than 1%
of the electrical power output of such a fusion reactor. We therefore
conclude that the mass circulation required for our concept does not
endanger the fusion reactor power balance.
4.4. Pebble inventory considerations
Assuming that the pebbles remain inside the machine for ≲ 250 ms
(a very conservative assumption as this is twice tmax for q∥=20MW/m2
and found to be much shorter for relevant values of q∥) this would lead
to a steady-state inventory of ≲ 400 kg ferromagnetic material inside
the vacuum vessel.
The required steady state inventory amounts to less than one quar-
ter of the typical structural steel mass proposed for different ITER
test breeding module (TBM) designs [35, see Table 1 for an overview
of proposed structural steel requirements] and could be distributed
quasi-symmetrically along the torus to minimize the effect on plasma
operation.
5. Summary
In this work ferromagnetic pebbles for heat exhaust in fusion reac-
tors with short power decay length are considered on a conceptual
level. The reasons to choose steel grade 1.4510 as a candidate material
are the Fe–Cr composition and the availability of material data.
For this candidate material a numerical transient thermal analysis
of pebble heating by a parallel heat ﬂux q∥ is performed. General scaling
relationships for the maximum allowed pebble diameter dmax(q∥)
and the optimum pebble diameter dopt(q∥) are obtained. For dopt(q∥)
the maximum allowed exposure time tmax(q∥) and optimum exposure
time tCurie(q∥) are obtained. For q∥= 200 MW/m2, corresponding to a
static target with 3° inclination to the ﬁeld lines with a heat ﬂux of
10 MW/m2, the values dopt = 100 μm, t
dopt
max ¼ 1:46 ms, tdoptCurie ¼ 1:02
ms are found.
A possible implementation concept for heat removal for an ITER-like
machine is outlined in which the inward acceleration of the ferromag-
netic pebbles due to the gradient of the magnetic ﬁeld strength is usedto exchange the pebbles. The required release distance Dreq of the peb-
ble to the open ﬁeld lines is determined as a function of q∥ and λq.
Counter-intuitivelywe ﬁnd that the pebble system's heat removal capa-
bility increases as λq decreases.
For λq = 3 mm a value of Dreq = 2.36 cm is found, while for λq =
1 mm only Dreq = 0.26 cm is needed.
For narrow λq proﬁles the proposed system is able to cope with heat
ﬂuxes exceeding the parameter space accessible by static PFCs, e.g. for
q∥ = 500 MW/m2 (corresponding to 25 MW/m2 heat ﬂux on a static
target) dopt = 40 μm diameter and Dreq = 10 cm are found. This sug-
gests that ferromagnetic pebble concepts are particularly well suited
in case of narrow heat ﬂux proﬁles and strong magnetic gradients,
found in low aspect ratio tokamaks. Numerical simulations of pebble
trajectories are performed. It is shown that operation above TCurie does
not affect the pebble trajectory in the λq region signiﬁcantly and only
leads to a pebble deﬂection b10 cm in vertical direction far away from
the high heat ﬂux region.
Additionally, a passive safety property of the concept which leads to
sorting of pebbles according to their magnetic properties is described.
The required pebble mass ﬂow for a Pth = 3 GW fusion reactor is
found to be ~1600 kg/s. It is estimated that less than 1% of the electrical
power output of such a fusion reactor is required tomaintain the pebble
mass ﬂow which is seen as uncritical to the overall power balance of
the fusion reactor. The steady state inventory of ferromagnetic material
is ≲ 400 kg, less than one quarter of the typical structural steel mass
proposed for different ITER test blanket module designs. By ﬁnite ele-
ment analysis it is shown that ferromagnetic pebbles are compatible
with plasma operation. Here more detailed analyses of the effects of
moving pebbles as well as on collective effects of ferromagnetic pebbles
in magnetic ﬁelds are required.
The detailed dynamics of the pebbles, the effect of pebble motion on
magnetic perturbations and pebble interaction effects, as well as addi-
tional forces on small diameter pebbles remain to be investigated.
This analysis shows that ferromagnetic pebbles are suitable for high
heat ﬂux scenarios with narrow λq proﬁles which are not accessible to
the operational range of conventional PFCs.We conclude that ferromag-
netic pebbles are an interesting heat exhaust concept to be investigated
as an option for heat exhaust in view of DEMO.Acknowledgments
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